Abstract. The eucalypts, which include Eucalyptus, Angophora and Corymbia, are native to Australia and Malesia and include over 800 named species in a mixture of diverse and depauperate lineages. We assessed the fit of the eucalypt taxonomic classification to a phylogeny of 711 species scored for DNA sequences of plastid matK and psbA-trnH, as well as nuclear internal transcribed spacer and external transcribed spacer. Two broadly similar topologies emerge from both 5 maximum likelihood and Bayesian analyses, showing Angophora nested within Corymbia or Angophora, sister to Corymbia. The position of certain species-poor groups on long branches fluctuated relative to the three major Eucalyptus subgenera, and positions of several closely related species within those subgenera were unstable and lacked statistical support. Most sections and series of Eucalyptus were not recovered as monophyletic. We calibrated these phylogenies against time, using penalised likelihood and constraints obtained from fossil ages. On the basis of these 10 trees, most major eucalypt subgenera arose in the Late Eocene and Early Oligocene. All Eucalyptus clades with taxa occurring in south-eastern Australia have crown ages <20 million years. Several eucalypt clades display a strong present-day geographic disjunction, although these clades did not have strong phylogenetic statistical support. In particular, the estimated age of the separation between the eudesmids (Eucalyptus subgenus Eudesmia) and monocalypts (Eucalyptus subgenus Eucalyptus) was consistent with extensive inland water bodies in the Eocene. Bayesian analysis of 15 macroevolutionary mixture rates of net species diversification accelerated in five sections of Eucalyptus subgenus Symphyomyrtus, all beginning 2-3 million years ago and associated with semi-arid habitats dominated by mallee and mallet growth forms, and with open woodlands and forests in eastern Australia. This is the first time that a calibrated molecular study has shown support for the rapid diversification of eucalypts in the recent past, most likely driven by changing climate and diverse soil geochemical conditions.
Introduction
Eucalypts grow as trees, mallees (multi-stemmed large shrubs), mallets (single-stemmed small trees lacking lignotubers) and, occasionally, small shrubs, in most vegetation communities of 5 Australia. Eucalypts dominate most treed communities, except the subtropical and tropical rainforests of eastern Australia, the coastal fringe mangroves and the Acacia-dominated mulga woodlands of Australia's dry interior. The name 'eucalypt' has been applied to multiple genera within tribe Eucalypteae 10 (Wilson 2011) , but most commonly (including here) to the following three genera: Eucalyptus L'Her. (700+ species), Corymbia K.D. Hill & L.A.S.Johnson (100+ species) and Angophora Cav. (12 species). Eucalyptus is primarily distributed in Australia with a small number of taxa, including endemics, in Indonesia, the Philippines and Papua New Guinea 5 (Ladiges 1997; Fig. 1) . Corymbia occurs in warm-temperate mainland Australia and New Guinea (Hill and Johnson 1995) and Angophora is restricted to eastern mainland Australia (Slee et al. 2006) . Other Eucalypteae genera are Arillastrum Pancher & Baill. from New Caledonia (1 taxon), Allosyncarpia Blake 10 from the Northern Territory (1 species), Stockwellia Carr, Carr & Hyland from far-northern Queensland (1 taxon), and Eucalyptopsis White from New Guinea (2 species).
A B C D Fig. 1 . The modern distribution of the seven genera included in Eucalypteae, highlighting the widespread Eucalyptus, the tropical, subtropical, and monsoonal distribution of Angophora and Corymbia, and the ranged-restricted rainforest genera. Distribution is represented by herbarium records from the Australasian Virtual Herbarium and Global Biodiversity Information Facility (GBIF). A. The rainforest genera Allosyncarpia, Arillastrum, Eucalyptopsis and Stockwellia occur only in northern Australia, New Guinea and New Caledonia. B. Angophora is found only on the eastern coast of Australia. C. Corymbia occurs in Australia and New Guinea. D. Eucalyptus occurs in Australia, New Guinea, Timor, Indonesia and the Philippines.
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P R O O F O N L Y Eucalypt classification
Eucalyptus obliqua was the first described eucalypt by the French botanist, Charles-Louis L'Héritier de Brutelle, in 1789 (L'Héritier de Brutelle 1789). Eight years later, Angophora 5 was described by the Spanish botanist Antonio Cavanilles (Cavanilles 1797). Then more than 200 years later, Ken Hill and Lawrie Johnson (Hill and Johnson 1995) transferred the bloodwoods and ghost gums from Eucalyptus into a new genus named Corymbia. The eucalypts have had numerous 10 systematic treatments and multiple classifications have been proposed to group eucalypt taxa on the basis of morphological characters; an excellent summary of most of these is provided by Ladiges (1997) .
The current classification of the eucalypts is formed around 15 two major works. Hill and Johnson (1995) 
segregated the genus
Corymbia from Eucalyptus sensu lato (s.l.). This work formed a part of a larger classification scheme (Johnson and Hill 1999 , 1991 Hill and Johnson 1991a , 1991b , 1992 , 1998 , 2000 Hill et al. 2001 ) that maintained Angophora as a 20 separate genus and arranged Eucalyptus species into seven sections, similar to the informal classifications of Pryor and Johnson (1971) . This classification was published in its entirety as the New South Wales Herbarium-based website Eucalink (K. D. Hill, see http://plantnet.rbgsyd.nsw.gov.au/ 25 PlantNet/Euc/, accessed 24 February 2017). This website is no longer maintained because of the untimely death of Ken Hill, meaning that all species described since 2004 are not included on the website. In an alternative classification, Ian Brooker (2000) also 30 followed the concepts of Pryor and Johnson, but with one fundamental difference, namely, all species of Eucalyptus, Angophora and Corymbia were placed into only one genus, Eucalyptus, although this was contrary to phylogenetic evidence . Brooker arranged his 35 classification in a hierarchical system of subgenera, sections, subsections, series and subseries. The data underlying this work were published in the Euclid interactive key but differed from the 2000 treatment by accepting the three-genus classification (Slee et al. 2006) . 40 The most recent eucalypt classifications have been by Nicolle (2015a Nicolle ( , 2015b Nicolle ( , 2018 , who retained the three-genus classification of Johnson and Hill, synonymised some of Brooker's subgenera, reclassified some sections and series, and interpolated many species named since Brooker's 2000 treatment. 45 
Phylogenetic studies
Since the late 1990s, molecular phylogenetic approaches have been employed to deduce the relationship of groups among and within the eucalypts (Johnson 1972; Ladiges et al. 1995 Ladiges et al. , 2003 Udovicic et al. 1995; Steane et al. 1999 Steane et al. , 2002 Whittock et al. 50 2003; Crisp et al. 2004 Crisp et al. , 2011 Parra-O et al. 2006; Gibbs et al. 2009; Bayly et al. 2013) . Much focus has been on resolving the relationships among the three genera, as well as the many subgenera, and results have been variable depending on the molecular marker used and taxa included in the analysis 55 Steane et al. 1999 Steane et al. , 2002 Parra-O et al. 2006 Parra-O et al. , 2009 Ochieng et al. 2007; Ladiges et al. 2010; Bayly et al. 2013 ). Many of the phylogenies from these studies show a monophyletic Angophora that is sister to a monophyletic Corymbia, with these two genera in turn being sister to a monophyletic Eucalyptus. However, other work, both recent and past, suggests that Angophora could be nested within a 5 paraphyletic Corymbia, with this clade being sister to Eucalyptus (Steane et al. 1999; Bayly et al. 2013; González-Orozco et al. 2016; Schuster et al. 2018) .
Evolutionary history
The eucalypts are an old Gondwanan lineage. Two reviews of the 10 fossil record (Hill et al. 2016; Macphail and Thornhill 2016) found that evidence of eucalypts extends back to the Early Eocene. Both the fossil pollen record in Australia (Thornhill and Macphail 2012) , and macrofossils in Patagonia of South America (Gandolfo et al. 2011; Hermsen et al. 2012) and Australia (Lange 1978;  15 Ambrose et al. 1979) have recognisable eucalypt material. The oldest fossil-pollen morphotype, Myrtaceidites tenuis, is most similar in appearance to the extant Corymbia and Angophora pollen types (Thornhill et al. 2012a) , whereas the oldest macrofossils have similarities with Eucalyptus and Corymbia 20 (Lange 1978; Rozefelds 1996) , and E. subg. Symphyomyrtus (Gandolfo et al. 2011) . Further, molecular dating of a small representative sample of eucalypt taxa also arrived at an estimated Eocene age (Crisp et al. 2011; Thornhill et al. 2012a Thornhill et al. , 2015 . At a higher level, it is estimated that the 25 Eucalypteae tribe diverged from other Myrtaceae sometime in the Palaeocene (~60 million years ago; Thornhill et al. 2012a Thornhill et al. , 2015 Berger et al. 2016) . Eucalypt fossils have been recovered from most East Gondwanan land-masses, and it is assumed from the 30 microfossil record that they did not become a dominant vegetation element in Australia until after the Oligocene ( fig. 6 .06 in Partridge 1999), a trend that is also shown more generally by Myrtaceae (Macphail and Truswell 1989; Martin 1991; Truswell 1993; Hill et al. 1999) . A drying climate and an 35 increase in fire frequency from the Oligocene to the Middle Miocene is considered to be the trigger of multiple pulses of expansion and contractions of Eucalyptus species (WardellJohnson et al. 1997) , with further aridification in the PlioPleistocene (Potts and Pederick 2000; Macphail and Thornhill 40 2016), culminating in the modern vegetational domination over most of the Australian landscape.
In the present study, we examine the congruence of phylogenetics and taxonomy, by using a sample set of 711 taxa from Angophora, Corymbia and Eucalyptus. Specifically, 45 we use the most recent eucalypt classification to see whether recognised infrageneric taxa can be recovered as monophyletic. Further, we explore the broad biogeography and evolutionary history of the eucalypts by using molecular dating and diversification-rate analyses.
50

Materials and methods
Terminology and taxonomy
The classification of Nicolle (2015b) was selected as the taxonomy of the present study. In addition, in the hope of forming a consensus for future works, we define three 55 common names for groups in the Eucalypteae. Mesicalypt (mesic [eu]calypt) applies to the three rainforest genera (Table 1) , to help those who are more familiar with the common names of smaller 15 existing eucalypt groups (e.g. Maidenaria = red gums) interpret this paper.
Sampling
Genetic sequences were gathered for 732 taxa, including 711 eucalypt species (some of which are now considered 20 subspecies), the single Arillastrum species, all four mesicalypt species and a diverse range of Myrtaceae outgroups used in previous studies Biffin et al. 2006; Thornhill et al. 2012a Thornhill et al. , 2015 . Fresh leaves for DNA extraction were collected in the field or from cultivated plants of known origin 25 growing in various arboreta or botanic gardens of southeastern Australia. When fresh leaf material was not available, leaves were obtained from herbarium specimens housed in the Australian National Herbarium (CANBR). A table of the taxonomic status of each taxon used in the study, along with 30 GenBank accessions and their sources or vouchers, is included in Table S1 , available as Supplementary material to this paper.
Sequencing
Nuclear internal transcribed spacer (ITS) and external transcribed spacer (ETS) sequences from many previous 35 eucalypt studies were downloaded from GenBank and used to determine which species needed to be newly sequenced. We aimed to sample every described eucalypt species for both nuclear and plastid markers. Species with an existing ITS or ETS sequence were not resampled. Four plastid regions were 40 trialled to determine which amplified most easily. Of these, matK, which has been used effectively to address systematic questions in Myrtaceae (Gadek et al. 1996) , and the psbA-trnH intergenic spacer, were selected and sequenced using protocols and primers described by Gadek et al. (1996) for matK and Lucas 45 et al. (2005) for psbA-trnH. It was hoped that the use of plastid markers in concatenation with the previously utilised nuclear markers would better resolve relationships. ITS and ETS sequences were generated using the protocols and primers of Sun et al. (1994) and White et al. (1990) for ITS, and Lucas et al. 50 (2007) and Wright et al. (2001) for ETS. Screening of ITS and ETS was performed by making single-locus phylogenies and excluding from any further analyses any newly generated sequence that formed a clade with sequences that were suggested to be pseudogenes by Ochieng et al. (2007) . In 55 total, 2317 new sequences from 686 species were generated (see Table S1 ). Contiguous sequences were assembled and edited using Sequencher (ver. 3.0 To further explore tree topology, we ran a Bayesian analysis using MrBayes (ver. 3.2, xxx; Huelsenbeck and Ronquist 2001) on the CSIRO Burnett supercomputer cluster. All Myrtaceae outgroups except Heteropyxis and terminals that formed polytomies in the ML analyses were removed from the 35 alignment to save computational time, leaving 675 species to analyse. The analysis was run continuously over a period of 4 months for 220 million generations. To achieve full convergence in MrBayes, it is recommended that the coefficient value of split frequencies of tree searches reaches 40 less than 0.05. However, despite the extraordinary number of generations that we ran in the analysis, the coefficient value failed to go below 0.060544. The tree file from each analysis was summarised using sum-t in MrBayes and a 50% majority-rule consensus tree was generated after omitting a 20% burn-in. 45 Taxonomy mapping Eucalypt classifications were traced onto three resulting phylogenies (two ML and one Bayesian) by using parsimony mapping in Mesquite (W. P. Maddison, see https://www. mesquiteproject.org/, accessed 24 February 2017). The 50 classification of Nicolle (2015b) was traced at the subgenus, section and series levels to test the monophyly of these groupings. The eucalypt classifications of Brooker (2000) and Hill's Eucalink (see http://plantnet.rbgsyd.nsw.gov.au/ PlantNet/Euc/) were also traced onto the phylogeny, but are 55 not discussed in the present paper because they lack scoring for D Australian Systematic Botany A. H. Thornhill et al. recently described species (they can be viewed in Mesquite, using the nexus files stored in the CSIRO DAP).
Molecular dating
Despite numerous efforts, the concatenated four-locus dataset 5 was too large to be successfully started in a Bayesian (BEAST) analysis. Therefore, molecular dating using penalised likelihood as implemented in r8s (Sanderson 2003) was performed on the two ML and single Bayes phylogenies generated from the concatenated dataset. The most current eucalypt calibrations 10 are those used and justified by Thornhill et al. (2012a Thornhill et al. ( , 2015 , by which calibrations were selected using phylogenetics (Thornhill and Crisp 2012) after assessing extant pollen (Thornhill et al. 2012b ) and fossil pollen (Thornhill and Macphail 2012) . Information from the oldest macrofossils of 15 Eucalyptus was also incorporated (Gandolfo et al. 2011; Hermsen et al. 2012) . The following two eucalypt fossils can be utilised as calibrations on the basis of their best morphological fit to extant Myrtaceae: a Patagonian Eucalyptus macrofossil (Gandolfo et al. 2011 ) from the Early Eocene (51.7-52.1 million years ago) as a crown Eucalyptus calibration, and an Australian Myrtaceidites tenuis fossil pollen (Thornhill and Macphail 2012) , also from the Eocene (45-47 million years ago) as a crown Angophora and Corymbia calibration.
5
A Paleocene pollen Myrtaceidites mesonesus from New Zealand (61.7-65 million years ago) was used in previous studies to calibrate all Myrtaceae except three tribes, namely, Psiloxyloideae, Xanthostemoneae and Lophostemoneae (Thornhill et al. 2012a; Thornhill et al. 2015) . We used the 10 same fossil in the present study, meaning that the outgroups Heteropyxis, Kjellbergiodendron and two Lophostemon species were not constrained by a calibration in our dating analyses.
Analysis of diversification rates
Bayesian analyses of macroevolutionary mixtures (BAMM; 15 Rabosky 2014) were performed on the two ML and single Bayes phylogenies to estimate and visualise diversification rates and their changes through time. We did not specify taxon numbers for terminals because the phylogeny was well sampled at the species level. Because BAMM does not run if polytomies exist in the tree topology, an R script was run to add 0.0001 to every branch length of the phylogeny, which, in turn, randomly converted each phylogeny into a bifurcated tree. Diversification analyses were run using the BAMM stand-5 alone program, with the speciation and extinction model run for four chains of 5 000 000 generations. The BAMM tools R script was used to remove a burn-in of 10% and calculate the 95% credibility rate shift value for every branch in the tree, with the Bayes-factor criterion for including nodes as core shifts set to 10 5 (see BAMM instructions for further details). Bayes factors were mapped onto the phylogeny and colour-coded to indicate high values, with the notion that larger values (>2) are an indication of rate shifts.
Results
Tree topology
The 10 ML concatenated-dataset phylogenies all showed slight differences among the relationships of terminal taxa. More significantly, half of the ML trees showed Corymbia s.l. to be monophyletic and the other half showed Corymbia s.l. to be 20 paraphyletic. Further, there were differences between the ML and Bayesian analyses in the relationships formed between the species-poor Eucalyptus subgenera and the species-rich eudesmid, monocalypt and symphyomyrt subgenera. Given the two possibilities for Corymbia s.l., we selected two ML (ML 1 is the same tree as used by González-Orozco et al. 2016) , as well as 5 the Bayesian analysis, for use in the taxonomic comparison, dating and diversification analyses (Fig. 2, 3 
Topology: genera
In all concatenated analyses, a highly supported clade (i.e. greater than 95% bootstrap or posterior-probability support) was Fig. 2 . Maximum likelihood-1 (ML-1) analysis using the concatenated dataset of internal transcribed spacer (ITS), external transcribed spacer (ETS), matK and psbA-trnH, labelled with the informal higher-level groups mesicalypts (3 genera) and newcalypt (1 genus), the eucalypt genus Angophora, and all eucalypt subgenera as classified by Nicolle (2015b) . Numbers at nodes in the larger phylogeny represent the penalised-likelihood estimated age. The numbers after each name in the inset box represent the number of terminals in the clade and numbers at nodes represent the bootstrap value in the ML analysis. Ma represents millions of years as returned for each penalisedlikelihood dating analysis (a summary of estimated ages is provided in Table 2 ).
recovered for crown mesicalypts (Fig. 2-4 , Table 2 ). Within the mesicalypts, Stockwellia and Eucalyptopsis were sister, with Allosyncarpia being sister to them. The mesicalypts were recovered as sister to the other Eucalypteae genera. Newcalypt 5 (Arillastrum) was consistently placed as sister to the eucalypts, although there was only medium statistical support for this placement (ML1 = 67%; ML2 = 73%). The three eucalypt genera formed two clades, namely, Angophora + Corymbia and a monophyletic Eucalyptus, and crowns of these two 10 clades were highly supported.
Topology: subgenera
Half of the ML analyses and the Bayesian analysis placed Angophora as a clade within Corymbia, whereas the remaining ML analyses placed Angophora as sister to Corymbia. In all 15 instances, the crown of Angophora was given 100% bootstrap or a posterior probability of 1, but the crowns of Corymbia subgenera were not as highly supported. Corymbia subgenera showed a mixed placement of poorly supported clades ( Fig. 2-4 , and Fig. S1 , available as Supplementary material to this paper). In ML 1, the Corymbia subgenera were not monophyletic because two species of the subgenus Corymbia were nested within subgenus Blakella (Fig. 2 ). In ML 2 (Fig. 3) , subgenus Corymbia formed a clade that nested within subgenus Blakella
5
(but had weak support). In the Bayesian analysis, both subgenus Corymbia and subgenus Blakella were monophyletic. In two instances (ML1 and Bayes, Fig. 2, 4) , subgenus Corymbia was sister to Angophora, but never with high statistical support for the relationship.
10
The three species-rich Eucalyptus subgenera, namely, eudesmids, monocalypts and symphyomyrts, were all monophyletic ( Fig. 2-4 , and Fig. S1 -S3, available as Supplementary material to this paper) and all crowns were moderately supported in ML and highly supported in the 15 Bayesian analysis. The monotypic subgenera Alveolata (E. microcorys), Acerosae (E. curtisii), Cruciformes (E. guilfoylei), Cuboidea (E. tenuipes) and Idiogenes (E. cloeziana) consistently occurred as a long-branched sister to one of the three species-rich Eucalyptus subgenera, 20 but their placement was not highly supported and moved between the analyses. More broadly, it was consistently found Fig. 3 . Maximum likelihood-2 (ML-2) analysis using the concatenated dataset of internal transcribed spacer (ITS), external transcribed spacer (ETS), matK and psbA-trnH, labelled with the informal higherlevel groups mesicalypts (3 genera) and newcalypt (1 genus), the eucalypt genus Angophora, and all eucalypt subgenera as classified by Nicolle (2015b) . Numbers at nodes in the larger phylogeny represent the penalised-likelihood estimated age. Numbers after each name in the inset box represent the number of terminals in the clade and numbers at nodes represent the bootstrap value in the ML analysis. Ma represents millions of years as returned for each penalised-likelihood dating analysis (a summary of estimated ages is provided in Table 2 ).
Eucalypt phylogenetics and evolution
Australian Systematic Botany I (although only with moderate support) that subgenera Acerosae, Eudesmia, Cuboidea, Idiogenes and Eucalyptus composed one large clade that was sister to a clade containing subgenera Cruciformes, Alveolata and Symphyomyrtus.
5 Topology: sections and series of Eucalyptus Most sections and series were not recovered as monophyletic (Fig. S2, S3 ). Sections that were almost monophyletic were Limbatae and Complanatae in the eudesmids, and Longistylus, Frutices and Eucalyptus in the monocalypts. In the 10 symphyomyrts, sections Bisectae, Dumaria, Glandulosae, Adnataria, Exsertaria and Maidenaria were almost monophyletic. The segregated section Glandulosae was widely separated from Bisectae s.s. in our phylogenies, supporting the decision to split Bisectae.
15
Some series were clearly resolved as monophyletic, mainly those with low species numbers (e.g. Calophyllae, Miniatae, Decurvae and Squamosae). Most of the series were not monophyletic; however, many clades contained a mix of species from two or more series. There were notable outliers in many series and these might be attributed to any of several methodological issues, including incorrectly identified vouchers, poorly described species or laboratory mistakes. Alternatively, some might be the result of genetic phenomena 5 such as incomplete lineage sorting, hybridisation, pseudogenes, paralogy or polyploidy. Taxa that are suspiciously out of place are marked with an asterisk in Table S1 . Because many of these species were sequenced for the first time, we feel that it is best to flag them for future replication. Suspiciously placed taxa all 10 occurred at shallow nodes and had no bearing on the crown age estimates of the deeper nodes.
Nuclear v. plastid analyses
Separate ML analyses of nuclear and plastid datasets produced incongruent topologies (Fig. 5) . Noticeably different 15 arrangements between the two phylogenies occurred for the monotypic taxa newcalypt (Arillastrum), Acerosae, Cuboidea, Idiogenes and Alveolata. The nuclear analysis gave higher support for internal nodes, and both analyses returned some nodes with bootstraps values of >75. However, some nodes of Fig. 4 . Bayesian analysis using the concatenated dataset of internal transcribed spacer (ITS), external transcribed spacer (ETS), matK and psbA-trnH, labelled with the informal higher-level groups mesicalypts (3 genera) and newcalypt (1 genus), the eucalypt genus Angophora, and all eucalypt subgenera as classified by Nicolle (2015b) . Numbers at nodes in the larger phylogeny represent the penalised-likelihood estimated age. Numbers after each name in the inset box represent the number of terminals in the clade and numbers at nodes represent the posterior probability in the Bayesian analysis. Ma represents millions of years as returned for each penalised-likelihood dating analysis (a summary of estimated ages is provided in Table 2 ).
the plastid phylogeny did not have any bootstrap support, namely the symphyomyrts, Alveolata, Idiogenes and Cuboidea. This suggests that the plastid loci used in the present study are extremely similar, even among deeper-level groups. Corymbia 5 was paraphyletic in both nuclear and plastid analyses.
Molecular dating
Three eucalypt chronograms are shown in Fig. 2-4 and the estimated age range from the three chronograms of select groups is summarised in Eucalypt phylogenetics and evolution Australian Systematic Botany K the calibration that was applied to them. The estimated crown age of Eucalypteae was Palaeocene (~59 million years). The crown age of the mesicalypts was estimated as Middle Eocene (~41-46 million years), whereas the estimated crown age of 5 Eucalyptopsis was Oligocene (~24-29 million years). Because of the very short internodes near the root of the tree, the estimated age of the divergence between newcalypts and the eucalypts was similar to the Eucalypteae crown (~59 million years). The crown age of the combined Eucalyptus subgenera Acerosae, 10 Eudesmia, Cuboidea, Idiogenes and Eucalyptus was estimated as early Eocene (~47-50 million years). The crown age of combined Eucalyptus subgenera Cruciformes, Alveolata and Symphyomyrtus was estimated as middle Eocene (~36-41 million years). The crown ages of large subgenera Eucalyptus 15 and Eudesmia were both estimated as late Eocene (~31-39 million years). The crown age of Symphyomyrtus was estimated as early Oligocene (~26-32 million years).
Diversification rates
Bayesian analyses of macroevolutionary mixtures (BAMM) 20 identified five accelerations of net species diversification in
Eucalyptus sections Bisectae, Exsetaria, Maidenaria, Adnataria and Glandulosae (Fig. 6 ). The accelerations all began 2-3 million years ago. The estimated rates of diversification differed among our three phylogenies, but consistently occurred in the same 25 sections.
Discussion
The phylogenies of our study all resolved four main Eucalypteae clades in accordance with most broad eucalypt and Myrtaceae studies (Steane et al. 1999 ; Udovicic and Ladiges 2000; 30 Bayly et al. 2013; Thornhill et al. 2015) . All but the nuclear phylogenetic analysis returned the mesicalypts as sister to the rest of Eucalypteae. Similar to previous Myrtaceae studies (Thornhill et al. 2012b (Thornhill et al. , 2015 , newcalypt (Arillastrum) was consistently recovered as sister to the eucalypts, although there was never 35 where they are extant.
Classifying Corymbia
Two consistent but moderately supported clade arrangements were resolved within Angophora + Corymbia. Previous eucalypt analyses have produced alternative placements, the most recent 15 using plastid genomes suggested Angophora within Corymbia (Bayly et al. 2013) . If Angophora is shown to be undisputedly nested within Corymbia (e.g. ML 1 (Fig. 2) and Bayes (Fig. 4 ) in our study), then a taxonomic change is needed to resolve paraphyly. A simple solution should be sought and we suggest 20 three alternatives (listen below) from least to most complex to implement.
(1) The simple solution is to sink the species of both Angophora and Corymbia into Eucalyptus. Most of the conflict between Angophora or Corymbia, and Eucalyptus binomials 25 (e.g. Angophora melanoxylon and Eucalyptus melanoxylon) have already been resolved by Brooker (2000) . This would make a single Australia-centric genus of just over 800 species. The main hurdle would be the acceptance of Angophora, a name that has been in use for over 200 years, 30 being sunk into Eucalyptus. (2) A slightly more complex resolution would be to transfer all Corymbia species to Angophora. This name change would align the group with the fossil pollen record that has Eucalyptus and Angophora or Corymbia morphotypes 35 (Thornhill and Macphail 2012; Macphail and Thornhill 2016) . Angophora has fewer species than Corymbia (12 v. >100), but is the older of the two names (1797 v. 1995) . By the laws of the International Code of Nuclear Choloroplast Fig. 6 . Bayesian analyses of macroevolutionary mixtures (BAMM) using the maximum likelihood (ML) and Bayesian phylogenies. Significant diversification shifts occurred in Eucalyptus sections Bisectae, Exsetaria, Maidenaria, Adnataria and Glandulosae and they are labelled where significant on each phylogeny. Ma, million years. L Australian Systematic Botany A. H. Thornhill et al.
P R O O F O N L Y
Nomenclature for algae, fungi and plants, Angophora has priority over Corymbia. That is, unless conservation of Corymbia against Angophora could be applied for successfully under Art. 14.12 of the code (McNeill et al.
2012
). There are no duplicated specific epithets in the two genera. (3) Another option, if Angophora really is nested within Corymbia, would be to split Corymbia into smaller genera to correct the paraphyly of the latter (Schuster et al. 2018 ).
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Corymbia is classified into subgenera and these could be given genus status. Analyses of nuclear data have suggested that Corymbia subgenera are monophyletic (Schuster et al. 2018) . In contrast, plastid and concatenated analyses have shown that Corymbia subgenera may not be monophyletic 15 (Schuster et al. 2018 and the present study). If Corymbia was to be further split into smaller genera, then justification should be made as to why the Eucalyptus subgenera should not also be elevated to genus level. There is obvious morphological variation to warrant the decision (Andrews 1913; Pryor and 20 Johnson 1971; Johnson 1976; Johnson and Briggs 1983) , but it has never been accepted by eucalypt specialists.
Eucalypt subgeneric resolution
The phylogenies produced from a concatenated dataset showed that range-restricted monotypic subgenera Alveolata, Acerosae, 25 Cruciformes, Cuboidea and Idiogenes occur on long branches that are sister to one of the three species-rich subgenera (Eudesmia, Eucalyptus or Symphyomyrtus (Fig. 2-4) . They are not an 'idiosyncratic quirk of eucalypt classifiers' (Pryor and Johnson 1981) . Further, the subgeneric classification of Nicolle (2015b), 30 which made previous subgenera Minutifructus and Primitiva redundant, is phylogenetically justified because one is polyphyletic and nested in the symphyomyrts (Minutifructus), and the other is nested within the monocalypts (Primitiva).
Resolution of lower-level classification 35 The phylogenies of this study showed that most Corymbia and Eucalyptus sections and series were not monophyletic. Most sections and series represented by more than one species in the phylogeny that were shown to be monophyletic had poor statistical support, no significant branch length, or were nested among 40 members of larger groups. Failure to find fine-scale resolution in the eucalypts can be attributed to several causes, from incomplete lineage sorting, introgression or hybridisation, taxonomic over-splitting, and lack of sufficient data to resolve relationships. Schuster et al. (2018) highlighted many of these 45 possible causes for incongruence between taxonomy and phylogenetics in the Corymbia and Angophora clade and suggested that the nuclear genome may be key to resolving this incongruence, rather than the plastid genome. Our analyses of independent nuclear and plastid datasets (Fig. 5 ) displayed the 50 same incongruence as in Schuster et al. (2018) , and there was poor support for most resolved clades of the plastid analysis. Much more data than the four loci used here will be necessary to achieve higher resolution of the eucalypt relationships. Previous eucalypt studies using a greater proportion of the 55 nuclear or plastid genome than in the present study have still led to non-monophyly of lower-level groups (Nevill et related groups, as also illustrated by Schuster et al. (2018) , means that a resolved bifurcated tree might not be appropriate, and that nodes closer to the tips of the phylogeny might be better represented as evolutionary networks (e.g. appendix 4 of Rutherford et al. 2015) . 25 
Eucalypteae age estimates
Estimating ages using penalised likelihood is dependent on having a phylogeny that has internal structure. We made a trade-off in this study by using trees that are well resolved but poorly supported at some nodes. Our discussion relies on the fact 30 that recovered clades and their position are a reasonable reflection of reality; additional nuclear or plastid data will almost surely provide a more certain basis for dating eucalypt evolution and re-visiting the hypotheses that are presented here. Most of the estimated subgeneric crown ages were younger 35 than Eocene (Table 2 ). This aligns with both fossil pollen and macrofossil evidence that at least two Australian eucalypt clades existed by the Eocene (Lange 1978; Ambrose et al. 1979; Hill et al. 2016 (Gandolfo et al. 2011; Hermsen et al. 2012 ) most closely 5 resemble symphyomyrts, but were used as the calibration of crown Eucalyptus in our study. If symplesiomorphy can be disregarded for the Patagonian fossils, and their age had been applied to the symphyomyrt crown, then the age estimate of that subgenus would have increased by~20 million years.
10 Modern distributions: Angophora + Corymbia Angophora + Corymbia have a predominantly northern, tropical and monsoonal climatic distribution, with small extensions down the south-western and south-eastern coastal regions of Australia (see Fig. 1B , C, 7A). Hill et al. (2016) suggested that a potential 15 environment for the earliest habitat of eucalypts was open vegetation in a monsoonal climate and the extant distribution of Angophora + Corymbia may be evidence that they have retained the ancestral plesiomorphic preference to such conditions. Fossil pollen evidence from the south of Australia 20 indicates that these two genera occurred there in the Eocene (Thornhill and Macphail 2012; Macphail and Thornhill 2016) and purported macrofossil evidence of Angophora in Tasmania (Pryor and Johnson 1981) suggests that Angophora and Corymbia have become more restricted or dispersed to the north as temperate and 25 arid conditions have arisen in southern Australia.
Within Corymbia + Angophora, there were some phylogenetic groupings that exhibit disjunctions (Fig. S4 , available as Supplementary material to this paper). The red bloodwoods C. gummifera + C. trachyphloia of temperate 30 eastern coast of Australia and C. ficicolia + C. calophylla + C. haematoxylon of south-western Australia formed sister clades, which was also shown by Ladiges et al. (2011) . The placement of C. trachyphloia is dubious because it has been placed in other sections in previous studies (Parra-O et al. 2006; Schuster et al. 2018) and is likely to be a result of the plastid signal in the joint analyses. Age estimates of this divergence ranged 5 from 7.3 to 26.3 million years and, with such wide uncertainty in the divergence-time estimates, any of several events could be invoked to explain the east-west disjunction. Sister clades of Corymbia subgenus Blakella formed a monsoonal east-west split in their distribution (Fig. S4) , which was estimated at 10 between 30.9 and 44.2 million years in age.
Modern distributions: eudesmids + monocalypts
One of the most striking disjunctions is between the eudesmids and the monocalypts (Fig. 7B ), but it must be noted that support for the clade containing these two subgenera was low (posterior 15 probability 0.14; bootstrap 46). An almost diagonal linear split from the south-west to the north-east of Australia occurs between the eudesmids and the monocalypts. Eudesmia + Acerosae occur in an arc that stretches from the south-west of Western Australia to the north-east of Queensland and mainly encompasses arid to 20 monsoonal climatic regions. Eucalyptus + Idiogenes + Cuboidea occur in an opposite arc from the north-east of Australia to south-west of Western Australia that fringes the eastern part of the continent and is associated with cooler, mountainous and temperate climatic conditions. Further, there is almost no overlap 25 between these two groups, yet they cover most of Australia apart from the eastern arid interior. We estimated the divergence age between the eudesmids and monocalypts as early Eocene and Ladiges et al. ( Fig. S5 , available as Supplementary material to this paper). The closeness in the age of the estimated divergence between these two subgenera, and of the inland sea, point to the disjunction being the result of vicariance caused by the inland sea separating 5 their ancestor. After the vicariance, the eudesmids radiated into the north-western arc of Australia, and the monocalypts radiated around the south-eastern arc. Bui et al. (2017) noted that soil geochemistry was influential in the turnover of monocalypt species around the south-east. Further, the eudesmids and 10 moncalypts did not adapt to grow on the soil created by the inland sea, and only some symphyomyrts adapted and radiated into that part of Australia. Four phylogenetic groups within the eudesmids, congruent with those found by Gibbs et al. (2009) , displayed a strong disjunct 15 distribution (Fig. S6 , available as Supplementary material to this paper). Age estimates were possible for the crown of three of these four groups, and it was estimated that the western group was 20.1-27.4 million years old, the northern monsoonal 22.5-30.6 million years old, and the north-eastern 18-18.6 million years old. 20 Unfortunately, the backbone relationship of the four clades was not well resolved, appearing as a large polytomy, which is in contrast to the better resolution that Gibbs et al. (2009) were able to obtain using a parsimony analysis. Without resolution of how these eudesmid clades are related to each other, it is impossible to 25 infer any dispersal direction or centre of evolution.
There was a strong west-east separation within the monocalypts (Fig. S7 , available as Supplementary material to this paper). The western Australian monocalypts were paraphyletic with respect to the eastern monocalypts, and the 30 phylogeny suggests that multiple western Australian monocalpyt lineages had formed before an east-west monocalypt split. Ladiges et al. (2010) showed the same result using ITS and ETS sequences. A noticeable difference in the present study was that E. planchoniana was recovered in the western monocalypt 35 clade, which confounded an otherwise perfect east-west split in the monocalypt phylogeny. Eucalyptus planchoniana has an uncertain history with respect to its taxonomic placement. Brooker (2000) placed it in its own section after a long period of indecision as to whether or not the anthers are reniform with 40 confluent slits (features that are shared by the eastern Australian monocalypts and some of the Western Australian monocalypts, including E. marginata; Ladiges et al. 2010) . Further replicate DNA sampling of E. planchoniana would test whether this result is anomalous. The crown of eastern monocalypts was estimated 45 to be between 14.1 and 19.2 million years old, approximately coinciding with the uplift of the Nullarbor. It is likely that the eastern monocalypts have diversified and spread the length of the eastern coast of Australia, including all of Tasmania, within the last 20 million years. This aligns with the eucalypt fossil record 50 that has failed to recover Eucalyptus macro-or microfossils in south-eastern Australia any older than Late Oligocene in age (Hill et al. 2016; Macphail and Thornhill 2016) Modern distributions: symphyomyrts + Cruciformes + Alveolata 55 The widespread and diverse symphyomyrt clade was placed either sister to the monotypic Cruciformes that is restricted to south-western Western Australia, or Alveolata that is restricted to south-eastern Queensland (Fig. 7C) is more than one morphotype of Eucalyptus fossil from the Eocene of South America (Gandolfo et al. 2011; Hermsen et al. 2012) , and perhaps as many as five, and they are all likely to be symphyomyrts. Therefore, the symphyomyrt diversification either occurred after it diverged from the South 25 American eucalypts, or the symphyomyrt crown age is older than the age estimates of the present study. Similar to the monocalypts, no symphyomyrt clade containing a south-eastern species returned an estimated crown age older than 20 million years, and most crown-age estimates were younger 30 than 10 million years old (Fig. S8 , available as Supplementary material to this paper). It was possible to identify some sister clades that displayed a disjunct distribution between each other within the symphyomyrts, albeit with some overlap. The sheer number of taxa in the symphyomyrts, and the recent 35 diversification of some groups makes it difficult to easily identify groups that may be geographically distinct. A better resolved phylogeny, in combination with a detailed biogeographic analysis that scores each taxon for the biome or finer-scale bioregion on the basis of their native distribution 40 would possibly have more success in identifying recently derived disjunct groups.
Diversification
Bayesian analyses of macroevolutionary mixtures (BAMM) suggested that diversification increase has occurred in some 45 Eucalyptus lineages during the Plio-Pleistocene (2-3 million years ago). Eucalyptus sections that display significant diversification shifts do not all have a common biome, habit or fire strategy. Three sections, namely Bisectae, Dumaria and Glandulosae, occur solely in semi-arid areas of Australia and 50 are mallee and mallet in habit. However, other sections that displayed high diversification rates, namely Adnataria, Maidenaria, Exsertaria and Latoangulatae, grow in open woodlands and open forests of eastern Australia. Given that such a varied group of Eucalyptus lineages accelerated their 55 diversification during the same period, it suggests that there might be a common driver that affected all lineages simultaneously. It has previously been suggested that climate Eucalypt phylogenetics and evolution Australian Systematic Botany O change is the obvious candidate for the eucalypt dominance and diversity of eucalypts (Ladiges et al. 2003; Crisp et al. 2004) . Our phylogenetic estimates suggested that diversification occurred rapidly and recently in the Plio-Pleistocene, a time of continent-5 wide aridification (Hill 1998) . The various eucalypt lineages with accelerated diversification were already pre-adapted to the new, changed climate (e.g. drier, more seasonal, and so more conducive to bushfires), which gave them an advantage over competitor trees from other groups (Crisp et al. 2011) and, once a change in climate 10 took place, they took full advantage.
The fossil record suggested that eucalypts were not the dominant element of the Australian vegetation until sometime after the commencement of the Miocene (Hill et al. 2016) . Further, Eucalyptus fossil pollen increases in abundance 15 closer to the present, and is associated with an increase in charcoal (Sniderman and Haberle 2012) . It has been suggested that, c. 1.5 million years ago, an increase in fire frequency, possibly created by changed rainfall, caused the diversification of the fire-tolerant groups such as the eucalypts (Sniderman and 20 Haberle 2012) . However, it is important to note the difference between abundance or domination and diversification. Paleopollen can be used to infer past vegetation composition, but because of the conservative nature of pollen morphology, records are limited to identifying the dominance of plant groups, rather 25 than historical diversity within groups. Fossil eucalypt pollen can only currently be separated into three main morphotypes (Macphail and Thornhill 2016) , and on the basis of modern pollen morphology, these three types can be linked to two large eucalypt groups, namely Angophora + Corymbia, and 30 Eucalyptus (Thornhill and Macphail 2012) . The Eucalyptus fossil morphotype (Myrtaceidites eucalyptoides) became abundant in records after the Miocene. However, we currently have no way of discerning how many species contributed to the rise in Eucalyptus pollen in the fossil record. 35 It is possible that the pollen record and the diversification estimations are both correct. The eucalypt dominance (inferred from the pollen record) could have begun in the Miocene because a small number of ancestral taxa expanded their range across the continent and colonised newer climatic biomes. As the continent 40 further dried, it began to form smaller pockets of unique areas that then caused a rapid delineation of these widespread ancestral taxa into morphologically distinct species. Ladiges et al. (2003) suggested that eucalypt species are breaking into fragmented ranges, which could easily be a driver of diversifying large 45 widespread species into isolated populations that become unique entities. Bui et al. (2017) suggested that climate and geochemistry are major factors in controlling the current distribution of eucalypt species. By combining different climate with a mosaic of soil types, it is possible to create a 50 great number of niches into which the ancestral taxa could spread and then diversify. Quickly adapting to newer geochemical environments could be another driver of diversification. Pryor (1976) noted that Adnataria occurs in eastern Australia on inland-slope soils that 55 are younger and more fertile, but not on older land with infertile soils that host other eucalypt groups instead. The diversification estimates of the present study support the hypothesis that Adnataria has undergone a recent acceleration. Pryor (1976) also noted that in the west of Australia, sections Bisectae and Dumaria occur on the inland slopes that consist of newer soil, and both of these clades show recent increased diversification in our study. Bui et al. (2017) described the importance of geochemistry (and climate) to the distribution of some eucalypt lineages. 5 However, the study of Bui et al. (2017) was only a taxonomic assessment, lacking any phylogenetic or evolutionary timing information. With the addition of the dated phylogenies of the present paper, it is now possible to assess whether there is correlation between the age of eucalypt lineages and the soils 10 that they grow on, and this work is currently in progress (Elisabeth Bui, pers. comm.) . We must note that the BAMM results should come with caveats. Taxonomic artefacts cannot be discounted as the cause of the apparent diversification rate upturn. If a group has been 15 over-split because it is morphologically variable, despite being genetically similar, then a high diversification rate may be inferred for that clade (Rabosky et al. 2013; Wiens et al. 2015) . In our study, high diversification estimates occurred in clades containing many species. However, in support of our rate estimates, section 20 Eucalyptus, the eudesmids and subgenus Corymbia all contained a number of species comparable to those of the clades with increased diversification rates, but did not display any significant diversification rate shift. The placement of internal calibrations could also influence the inference of higher or lower 25 diversification rates. Our phylogenies showed clustering of nodes closer to the tips of the tree. Only three calibrations could justifiably be used in our study. Without calibrations to control internal nodes, many young ages were returned. Identifying new fossils to calibrate the internal nodes of the eucalypts may 30 overcome some of the younger age estimates returned. Alternatively, they may also confirm the young age estimates if older fossils cannot be identified, or do not actually exist. Unfortunately, fossil discovery is random, but it may be possible to re-evaluate known fossils to see whether they can 35 be applied to nodes (e.g. Lange 1978; Holmes et al. 1982) .
Future research
Bayly (2016) proposed several ways in which future research on eucalypt systematics could progress. The underlying questions come down to the following two elements: how are the eucalypts 40 related to each other and how old are they? The first question could be resolved with phylogenetics and then taxonomic relationships updated on the basis of a well resolved and well supported tree; solving what to do with Corymbia and Angophora should be one clear goal. The relationships among 45 lower-level taxa may forever remain muddied. We have shown that many of the sections are almost monophyletic; this may be because of one of many reasons, and not all of them are genetic or taxonomic. Further replicate sampling of eucalypt species will test the validity of these non-monophyletic sections, and we hope 50 that the present study has made progress towards this goal.
The fossil record shows that the eucalypts are old. The two recent reviews on the eucalypt micro-and macrofossil record summarised current knowledge of the group and how it can be improved (Hill et al. 2016; Macphail and Thornhill 2016 ). High 55 priority should be given to finding macrofossils that can correspond with some of the major eucalypt clades that have easily identifiable apomorphic features of distinctive clades, P Australian Systematic Botany A. H. Thornhill et al. such as Angophora or the eudesmids. Identifying the modern-day relatives of eucalypt macrofossils from other regions such as Antarctica and New Zealand will also help in determining the deeper evolutionary history of the group. Unfortunately, we are 5 somewhat reliant on serendipitous finds; however, as the Patagonian eucalypt fossils illustrate, when they are found they significantly change our perspective. In addition to Bayly's two elements of importance, we add a third, namely, when and how often did eucalypts diversify around 10 Australia? Our results suggest that some lineages of eucalypts have diversified very recently. It may be possible to test this by using the fossil record. Finding distinct pollen morphotypes that show phylogenetic signals within the eucalypts, if possible, would be a significant advancement. Although Thornhill et al. (2012b) 15 surveyed the pollen of several extant eucalypt species, the study was not purely focused on discovering unique pollen types within the eucalypts. With the availability of a well sampled phylogeny, we are better placed to search for unique extant eucalypt pollen types that could be associated with fossil pollen. If such 20 morphotypes could be identified, it would pave the way to revisit past paleo-vegetation studies to not only investigate rise in dominance, but also the diversification of the eucalypts through time. Likewise, the macrofossil record of eucalypts could be re-assessed to categorise how many distinct groups were present 25 in each epoch and whether there are distinct morphological characters in the fossils that could link them to phylogenetic clades for molecular dating. A properly coded and detailed biogeographic analysis of the eucalypts, incorporating well resolved and substantiated phylogenies that allows for more 30 robust dating estimates, and newer methods such as BioGeoBears (Matzke 2013) could assist with interpreting the eucalypt spread.
Conclusions
Eucalypteae is an old lineage with a mix of genera that are 35 depauperate and diverse. Depauperate genera are likely to have suffered extinction and retreated to environments more similar to their ancestral area. All extant south-eastern Australian species of Eucalyptus have estimated ages that are younger than 20 million years, supporting fossil evidence that the dominant 40 vegetation component of Australian forests has been this way only since the Late Oligocene to Early Miocene. Further, diverse clades such as some of those in Eucalyptus s.l. have adapted to a drying environment and have both radiated and diversified over the landscape of Australia in the recent past, evidenced by 45 significant upward shifts in diversification rates in the past two million years in five sections of Eucalyptus.
It is becoming more apparent that a name change is needed for at least part of Corymbia; despite the phylogenies in the present study broadly sampling almost all Eucalypteae species, we could 50 not fully resolve the relationships of the major subgeneric groups.
We have outlined three options for changes that could be made to the taxonomy, so as to reflect the phylogeny in the eucalypts but encourage that any change should consider the fossil record, especially pollen. The next research steps involve sampling as 55 many described eucalypts as possible by using high-throughput sequencing methods. By sequencing substantially more loci, it is expected that significant progress can be made on how the major eucalypt groups are related and how best to deal with any taxonomic issues that may be identified by a better-resolved phylogeny. The effect of hybridisation and introgression in the evolutionary history of the eucalypts may make this a 5 challenging task.
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